We have used femtosecond x-ray diffraction (XRD) to study laser-shocked fiber-textured polycrystalline tantalum targets as the 37-253 GPa shock waves break out from the free surface. We extract the time and depth-dependent strain profiles within the Ta target as the rarefaction wave travels back into the bulk of the sample. In agreement with molecular dynamics (MD) simulations the lattice rotation and the twins that are formed under shock-compression are observed to be almost fully eliminated by the rarefaction process.
When a crystal is uniaxially shock-compressed to a sufficiently high pressure in the solid phase, beyond the so-called Hugoniot Elastic Limit, the Hugoniot curvethe locus of states that can be achieved by shock compression -approaches the hydrostat in pressure-volume space, implying that significant plastic deformation has occurred. [1] An understanding of the rapid deformation mechanisms occurring during the shock process at the lattice level, such as the generation and motion of defects, or deformation twinning, has long been sought [2] [3] [4] . Of particular interest is the observation that in many cases the high rates of plastic strain observed at the shock front not only cannot be mediated by pre-existing dislocations, but are also inconsistent with the defect densities found via post facto analysis. That is to say a direct application of Orowan's equation [5] ,ǫ p = ρ|b|v, whereǫ p is the plastic strain rate, ρ the number of mobile dislocations per unit area with Burgers vector b and velocity v, implies (under the assumption of sub-sonic dislocations) dislocation densities behind the shock front that can be several orders of magnitude greater than both those initially present, and those found in recovered samples.
Whilst defect densities consistent with observed plastic strain rates are not found in recovered samples [6, 7] , such high densities are observed in many MD simulations [8, 9] , and long prior to those simulations the generation of high densities of homogeneously nucleated dislocations at the shock front had been proposed [3] . A resolution to this discrepancy is suggested by further MD simulations that show that upon the shock unloading at a free surface, and subsequent rarefaction, most of the dislocations annihilate [10] implying that post facto analysis of recovered samples may at best not provide a full picture of the conditions present during the passage of the shock itself. The large defect densities thought to be present under shock compression may also be pertinent to apparent contradictions in measured melting temperatures at high pressure [11] [12] [13] . Common methods of interrogating sample response, such as velocimetry techniques using VISAR (Velocity Interferometer System for Any Reflector) [14] , rely on measurements of the velocity of the free surface in order to deduce the sample's response [15] . However, this kind of method provides a limited amount of information since it does not probe either the plastic behavior at the lattice level or the state of the entirety of the material at one particular moment. It thus cannot be used to address the above hypothesis that microstructural plastic deformation during the shock can be, at least to some extent, eliminated upon release.
It is within the context outlined above that we present the results of experiments where, via femtosecond XRD, we directly observe the microstructural effects of shockinduced plasticity being reversed in polycrystalline tantalum during shock breakout as the rarefaction wave travels back into the sample (although overall entropy increase, evinced by shock heating, would still be irreversible). In particular, we directly observe the reduction of shockinduced twins as well as a significant reversal in the lattice rotation imparted during the shock-compression process. These results, which are in good agreement with MD simulations, provide conclusive evidence that the release of stress after shock events, and the associated subsequent rarefactions and reverberations, can significantly alter the microstructure of the sample from that extant during the shock itself, highlighting the importance of in situ measurements.
Shock-induced plasticity in tantalum, a body-centered cubic metal, has been studied extensively, with post facto analyses [6, [16] [17] [18] [19] being complemented by a number of MD studies [9, [20] [21] [22] [23] . Here we use XRD to directly monitor lattice orientations during shock release. The technique of in situ XRD to study shock-compressed materi-als has been developed over several years utilizing a number of different shock drivers and x-ray sources, including diodes [24] [25] [26] [27] , laser-produced-plasmas [28] [29] [30] [31] [32] [33] and 3 rd generation synchrotrons [34] [35] [36] [37] . More recently, with the advent of 4 th generation light sources such as the Linac Coherent Light Source (LCLS) single-shot 100-fs diffraction patterns can be obtained from laser-shocked crystals, providing lattice-level information on a timescale shorter than even the fastest phonon period [38] [39] [40] [41] [42] [43] .
The experiment was performed at the Matter in Extreme Conditions (MEC) endstation of LCLS [44] . A schematic diagram of the experimental setup is shown in Fig. 1 . The targets comprised a 50µm thick polyimide ablator glued to a 6µm thick foil of polycrystalline Ta with a fiber texture such that the majority of the crystallites were oriented with their [110] axis parallel, within a few degrees, to the normal to the target surface, but azimuthally around this axis the grains were oriented approximately randomly (a pole plot is shown in the Supplemental Material [45] ). As explained in more detail below, such a texture allows direct monitoring of lattice rotation and twinning via XRD. A 5 ns, flattopped, frequency doubled (527 nm) laser pulse was used to drive a shock into the target. By varying the intensity of the drive laser it was possible to obtain shock pressures of 37±2 to 253±6 GPa, as measured via position of the Bragg peaks considering volumetric compression of the crystal lattice together with the Rankine-Hugoniot equations using the shock speed data [46] . The LCLS beam (9.6 keV, 50 fs duration) probed the compressed region after a set delay (from just before to ∼10 ns after shock break out) and the resulting diffraction patterns were captured on a number of CSPAD detectors (Cornell-SLAC Pixel Array Detector) [47] . The target was oriented such that the surface normal was aligned at an angle of 35
• to the x-ray beam. By bringing the x-ray beam in at an angle to the compression axis of the fiber textured target we are able to directly monitor lattice rotation and twinning. Such a geometry does not produce full Debye-Scherrer (DS) rings, but distinct arcs on each ring, the azimuthal position of which provides direct information on the orientation of the planes with respect to the shock direction, [48] and which previously enabled the observation of lattice rotation due to slip and twinning under shock compression [43] . The texture direction is aligned with the sample's normal, and we define angles χ between the sample's normal and the normals to the lattice planes producing the diffraction spots, and denote by χ 0 such angles for the ambient unshocked material.
The shock wave is characterised by a high-strain-rate resulting in a sharp discontinuity in the strain at the shock front. Therefore, during the passage of the shock before it reaches the rear free surface, diffraction from both compressed and ambient material is observed, resulting in arcs lying on two distinct well-defined DS rings, The fiber-textured Ta sample is shocked along the crystallographic [110] direction via laser ablation of the polyimide overcoat. An SEM micrograph of the Ta sample (inset) shows the columnar microstructure that gives rise to the fiber texture. The driven material is probed with x-rays that are incident at an angle of 35
• to the surface normal, and diffraction images are collected on an array of CSPADs. A VISAR system interrogates the rear surface velocity of the sample. with negligible diffraction signal between them, as shown in Fig. 2a . When the shock encounters the free surface, the normal component of the stress at that surface must remain zero, so a rarefaction wave is launched back into the sample allowing material to expand quasiisentropically [49] . In contrast to the extremely rapid change of strain at the shock front, a rarefaction fan ensues owing to the reduction in the local speed of sound as the pressure drops, leading to a release of strain at a decreasing rate as the rarefaction proceeds. This much lower strain gradient exhibits itself as a clear diffraction signal over the whole range of Bragg angles between those DS rings that correspond to fully compressed and fully released material, as shown in Fig. 2b . As we show below, the distribution of diffracted intensity in this region allows us to extract the instantaneous strain-depth profiles in the rarefaction fan.
Several important observations can be made immediately from the data. As has been shown in [43] under [110] compression in these samples, the shock-induced shear stress is relieved by either slip on {112} 111 system or {112} twinning. Since the material is laterally confined, in order to preserve the geometry of uniaxial compression, both slip and twinning induce crystal lattice rotations [31, 43, 50] about [110] which can be directly related to the amount of shear stress relieved.
Lattice rotation can be measured from the azimuthal position of the diffraction. For example, for the (110) ring, the diffraction peak at χ 0 = 90
• preserves its azimuthal position upon compression as grains diffracting in this orientation have their (110) planes with normals perpendicular to the shock propagation direction. However, the diffraction at χ 0 = 90
• splits under compression since the corresponding diffraction planes rotate towards and away from the compression axis. Figure 2a shows an example of lattice rotations inferred from the (110) Bragg reflections for a shock pressure of 150 GPa, where the diffraction signal on the left follows the χ 0 = 90
• path while χ 0 = 60
• diffraction signal splits on compression into χ > 60
• and χ < 60
• , and the magnitude of the splitting implies a lattice rotation of just over 10
• in the shocked state. On release we observe diffraction along paths connecting the diffraction signal from the fullycompressed and fully-released material at the rear surface, which provides an explicit in situ history of lattice rotations during rarefaction. As shown in Fig. 2b , the diffraction signal traces out a path along the χ = 90
• line, while the χ = 60
• signal, split during compression, traces paths back close to its initial position. This is indicative of reversed lattice rotations on release about [110] . Reversed lattice rotations, even though not explicitly confirming dislocation annihilation, suggest inverted dislocation motion. It should be noted that a small residual azimuthal split between peaks which were originally at χ 0 = 60
• in the ambient sample is observed, corresponding to residual lattice rotations up to ∼ 3
• in magnitude, compared with the rotation of ∼ 10
• in the shocked state. As well as the observation of a shock-induced splitting of those spots with χ 0 = 90
• , we also observe the appearance of a completely new set of χ = 90
• diffraction spots corresponding to the formation of twins. The relative intensity of these spots provide a measure of the degree of twinning within the sample, which has been found to maximize at a volume fraction of order 30% between shock pressures of 50 and 150 GPa [43] . Figure 2c shows a diffraction pattern during release after a passage of 75 GPa shock, which on compression generates large amounts of twinning, with the diffraction associated with the twins marked both under compression, and where they would be expected to appear under release. It can be seen that no signal corresponding to twins is observed in the released state, indicating disappearance upon rarefaction (to a fraction below 1%, a figure determined by the noise background).
This experimental observation of detwinning, supported by MD simulations below, is interesting in the context of previous post facto studies. In contrary to the monocrystalline [17] [18] [19] and polycrystalline [16] samples which show significant amounts of twinning remaining after the shock, nanocrystalline materials [6] have not shown traces of twins. This phenomenon has been considered in terms of the Hall-Petch effect which suggests that large grains twin more easily. However, the evidence of detwinning in the high-strain-rate experiment brings a new perspective on those studies. Furthermore, twinning-detwinning deformation in grains with transverse dimensions of the order of 100-nm (see micrograph in Fig. 1 ) may be analogous to the cyclic loading-unloading experiments performed on nanopillars [51] , suggesting pseudoelastic properties of the nanoscale materials not only on the static, but also on the dynamic timescales.
In order to complement these observations of the partial reversal of lattice rotation and detwinning upon release we have performed MD simulations using the LAMMPS code [52] . Using the Ravelo EAM Ta1 potential [22] , we simulated the response of a 100×100×950 cells (33×33×314 nm) Ta single crystal at 300 K to a moving piston along the [110] direction, with periodic boundaries in the transverse directions. Piston velocities in the range 0.7-1.2 km s −1 were applied which drove shocks of strengths between 50-100 GPa. The simulation time was sufficiently long that we could observe both shock propagation and subsequent rarefaction from the rear surface. Upon release (which occurs just before 70 ps in the simulations), the shear stress changes its sign with respect to the one observed during initial shock passage as shown in Fig. 3a for a shock of 100 GPa. As a result, it causes a significant reversal of the microstructural plastic deformation induced by the shock, in good agreement with our experimental findings. Using a nearest neighbor analysis we identified variations in lattice orientation across the sample. Figure 3b • at the timesteps 80 ps and 100 ps for the case of 50 GPa shock. This method allows for an easy observation of the twinned parts (thick, red well-defined lines). Blue and purple regions correspond to the non-twinned shocked and released parts of the sample respectively. order 8
• at 100 GPa. Furthermore, the simulations also indicate that upon rarefaction not all of the rotation is reversed, with a residual rotation of approximately 3
• persisting in the simulation. Using a dislocation extraction analysis [53, 54] we also find a reduction of a factor of 2.5 of the dislocation density upon rarefaction from a peak value of 5×10 13 cm −2 behind the shock. In addition, as can be seen Fig. 3c ) the MD simulations with a 50 GPa shock predict significant twinning (a twin fraction of 6%) upon compression, but in agreement with the experiment, and as can be seen in Fig. 3d ), the twins disappear upon release.
The experimental data allow us to extract the strain transverse to shock propagation direction as a function of depth. The strength of the diffraction signal at a particular angle between that corresponding to the totally released material, and that still under peak compression, is a measure of the amount of material at a given strain. As shown in the Supplemental Material [45] , this allows us to iteratively construct a transverse [110] strain profile (for this direction the elastic component of the strain, to which diffraction is sensitive, is equal and opposite to the plastic strain) that is consistent with the diffraction image, under the assumption that the strain within the sample varies monotonically. Such algorithms have been used previously to deduce strain profiles from diffraction profiles [55, 56] .
The deduced strain profiles as a function of depth and time are shown in Fig. 4a . As expected, the strain gradient becomes shallower as the rarefaction proceeds. Indeed, we can construct a model of the propagation of the release wave showing that the rate of reduction of the strain gradient is consistent with a simple model (see Supplemental Material [45] , which includes Refs. [57, 58] ). Given that the elastic strain that we measure is that transverse to the shock direction, and thus insensitive to any purely elastic longitudinal release, we approximate the strain gradient, α, within the rarefaction fan as a function of the position of the release tail, z:
where C B and C 0 are the bulk sound speeds at the shock pressure and ambient conditions respectively, and ǫ is the plastic strain in the shocked region. Figure 4b shows the evolution of the strain gradient extracted from the data as a function of time, as well as analytic values from Eq. (1) and the prediction of the 1D hydrodynamic (HYADES [59] ) and the MD simulations. Good agreement has been found between the first three methods. The slightly lower than predicted experimental inverse strain gradient at 3.7 µm is due to the onset of release on the front (driven) side of the Ta foil. By using Eq. (1), for C 0 = 3293ms −1 [46] , the bulk sound speed in the shocked state can be estimated. While the MD simulations predict slightly lower strain gradients than those seen experimentally, the finite size of the simulations means that significant elastic-plastic kinetics may still be occurring during the simulation time, and consequently the MD gives implies slightly larger sound speeds than suggested by the XRD measurement and previous studies [60, 61] . Furthermore, the effects of finite shear strain within the rarefaction fan itself are not taken into account in this simple model, and this may also affect the accuracy of any deduced sound speeds. What is clear, however, is that the rate of reduction of the strain gradient deduced from the diffraction signals is consistent with that expected.
In conclusion, we have performed in situ femtosecond XRD studies of the release of shocked fiber-textured polycrystalline tantalum. We observe that the significant lattice rotations imparted by the shock are largely reversed upon shock breakout as the rarefaction wave travels back into the sample. We also observe a complete reversal of the shock-induced twinning. The experimental data are in good agreement with MD simulations, and this direct observation of the reversal of micro-structural changes upon release emphasises the important contribution that 
